Electron spin resonance studies of the in vivo response to fungicides (chloranil and thiram) by Aspergillus niger of different ages are described. The spores possessed a natural free radical signal which grew rapidly upon application of chloranil. Thiram, on the other hand, produced weak changes in the free radical region but easily detectable changes at lower fields, indicating involvement of copper and iron. In addition, flow experiments are described in which the production and decay of the chloranil semiquinone radical produced in the reaction of solutions of chloranil with extracts of bakers' yeast were monitored, both in the absence and in the presence of several buffers and respiratory chain inhibitors.
Electron spin resonance spectroscopy (ESR) is a highly sensitive spectroscopic technique which is applicable to systems containing unpaired electrons. Many natural biological processes, as well as the actions of some metabolic inhibitors, involve either free radical formation or transition metal complex formation, both of which are characterized by unpaired electrons, and, hence, are amenable to study by ESR (1-5).
The observed in vivo effects produced by fungicides have included both free radical production and changes in metal oxidation states. It has also been possible to extend and complement the in vivo observations by in vitro ESR investigation of yeast extracts and of enzyme systems which were selected on the basis of the ESR spectra obtained from the in vivo experiments.
MATERIALS AND METHODS Special sample cells were designed and made of Teflon stock (Fig. 1) . The sample cells and culture medium (Sabouraud's dextrose agar) were sterilized by autoclaving; the medium was then placed in the rectangular depression and allowed to cool. After inoculation with spore suspensions of Aspergillus niger, Neurospora crassa, and a Mucor species, the cell was sealed with parafilm and incubated at 37 C. For ESR examination, the cell was positioned in the rectangular cavity of a model V4500 X-band spectrometer (Varian Associates, Palo Alto, Calif.).
Experiments with thiram were carried out on small strips of glass fiber filter paper which were immersed in the warm Sabouraud's medium, and were then cooled briefly and placed on the surface of a cooled layer of medium in a petri dish. The strips were inoculated and, upon incubation, placed either in a Varian tissue cell or in a 6-mm quartz tube and examined in the Varian model V4500 spectrometer.
For the experiments with yeast extracts, bakers' yeast (Fleischman) was used, and a Japan Electron Optical Company model P10 ESR spectrometer with flow system accessory was used.
This reaction was studied by stopped-flow techniques in which one reactant stream was a filtered, buffered yeast extract and the other stream was a solution of chloranil. In this technique, both reactant streams are fed at a constant rate into a specially designed mixing head connected to an open-end sample tube positioned in the ESR resonant cavity. The outlet side of the sample tube is connected to a waste reservoir. A flow rate of 3 ml/sec through the mixing head and cavity (10 msec residence) was established. The ESR spectrometer was tuned and instrument parameters were established. The flow was stopped by means of stopcocks above the mixing head so that the sample in the cavity at the moment of cut-off remained in place, and the radical formation and decay could be observed. For Fig. 2a . The characteristics of this signal suggest a semiquinone radical rather than an oxy radical, perhaps representing a stage of melanin formation.
The effects of two fungicides, chloranil and thiram, representatives of the quinones and dithiocarbamates which are important classes of fungicidal compounds, were then examined.
Quinones. When finely divided chloranil was added to growing cultures in the teflon sample cell, which had established ESR signals, a rapid and very large increase in signal intensity was observed. The ease with which this signal increase may be detected is illustrated in Fig. 2a and b. Fig. 2a shows the naturally occurring signal of a young culture. Fig. 2b shows the same culture 20 min after the addition of chloranil (the instrument gain has been reduced by one-half). An amount of quinone sufficient to cover the surface of the culture was added, which was estimated to be less than 0.05 g over a surface 5 by 25 mm. The increase in this ESR signal as a function of time is shown in Fig. 3 . These curves (two experiments) show growth rates for only the first 1 to 2 hr after the addition of chloranil; the signal appeared to continue growing (at an almost imperceptible rate) for over a week. Both the natural and the induced signals were single lines (no hyperfine structure). From the approximate g value and line width, it appears likely that the natural radical represents a natural semiquinone-type structure and that the induced radical is the semiquinone of chloranil, the ESR signal of which is superimposed over the natural radical.
Since the chloranil was present in large excess, a pseudo-order reaction results in which a factor inherent in the fungal culture becomes effectively rate-controlling for the production of the radical.
It appears logical that the fungal rate-controlling factor involves physical considerations such as rate of solubility of the chloranil in cell The data in Fig. 4a show the changes when the yeast extract in the Tris buffer (0.05 M final concentration, pH 6.9) was mixed with DMSO solutions of the quinone. Fig. 4a Figure  4b shows the effect of varying quinone concentrations in the yeast extracts in Tris-acetate buffer. From these curves, it appears that by varying the quinone concentration, the radical decay processes may be preferentially affected.
To avoid the artifacts due to the reaction of the quinone with the buffer components, the reaction was investigated in a nonaqueous medium. DMSO was selected since it was already used as quinone solvent, since the use of the same solvent for both reactant streams would tend to stabilize spectrometric operation, since it is a nontoxic solvent for proteins, and since the radical reaction was observed to take place in such a system. The maximal flow rate possible with the available apparatus (3 ml/sec or 10 msec) was, however, not fast enough to prevent radical formation under flow.
Since an enzymatic oxidation-reduction reaction was implicated in the above systems, the effects of several electron transport inhibitors upon the radical formation and decay were investigated.
Thenoyltrifluoroacetone The effects of amytal and PCMS upon the DMSO system are shown in Fig. 5b . The amytal curve does not appear to be essentially different from the control, but the PCMS curve shows a significant increase in rate and level of radical production.
Malonate, a well-known competitive inhibitor of succinic dehydrogenase, was added to the yeast-quinone system, and the effects are shown in Fig. Sc . Malonate (10-2 M) had a significant effect on the radical kinetics. Radical formation was inhibited markedly; however, the effects upon the decay are not clear. The rate of decay has been slowed (portion of curve between 1 and 3 minutes), but the curve also leveled out after 3 min instead of continuing to decay as in the control and in other experiments.
Dithiocarbamates. Since, in general, the paramagnetic resonances produced by thiram were noticeably weaker than the free radical signal produced by the chloranil, higher instrumental gains for detection were used. At the higher gains, ESR signals interfered in the measurements due to the Teflon polymer from which the culture cells were fabricated. Since the quartz tissue cell (Varian accessory) provided the greatest sensitivity, this system was used, and the spectra shown in Fig.  6-8 were obtained by this technique. Figure 6a represents the control spectrum of a 2-day-old A. niger mycelium; Fig. 6b shows the same culture 40 min after the addition of thiram. The appearance of the signal at g = 2 (free radical) is of questionable significance, since it may be caused by the thiram or by the exposure of the crushed mycelium to air when thiram was added. The dominant feature of this spectrum, however, is the strong resonance appearing at about 2,700 gauss. From the g value and the broader resonance appearing downfield, this resonance almost certainly indicates the sudden appearance of cupric copper. This sample was left in the tissue cell undisturbed and reexamined 3 days later. The 2,700-gauss signal had grown greatly (approximately fourfold), whereas the free radical signal disappeared. In addition, another low-field resonance appeared at about 1,500 gauss. Figure 7 illustrates changes in the natural free radical signal produced by thiram in a 5-day-old mycelium of the same fungus. The control (a) is a spectrum of the natural signal; part b shows the same culture 45 min after the addition of thiram. The natural signal has been distorted and another resonance has appeared beside it. Figure 8 shows the effects of thiram upon the 6-day-old mycelium of the same fungus. The control spectrum (a) exhibits the natural free radical signal at g = 2 plus a resonance at about 1,500 gauss. Thirty minutes after the addition of thiram, this 1,500-gauss resonance appears to be essentially unchanged, but a strong new peak has appeared at 1,100 gauss (b).
Both of these low-field resonances are indicative of iron, but represent different spin states. The 1,500-gauss line is probably a high-spin ferric complex in a rhombic environment, whereas the 1,100-gauss line is characteristic of a high-spin ferric heme-type complex. Thiram appears to have been responsible for the oxidation of some ferrous iron component of the culture to the ferric state, which is in a planar configuration.
The results of experiments in which the effects of chloranil were observed, particularly those with yeast extracts, are consistent with interaction of the quinone with components of the electron transport chain. Amytal, which acts at the level of NADH dehydrogenase, has no effect upon the rates of radical formation and decay by chloranil. On the other hand, PCMS, a strong sulfhydryl inhibitor, and TTA have an appreciable effect upon the observed free radical kinetics.
Succinic dehydrogenase is particularly sensitive to -SH inhibitors, and quinones as a class are important -SH reagents. In fact, the short-lived semiquinone of chloranil has been observed by ESR flow reaction techniques (4) when the quinone was mixed with thiols (cysteine and reduced glutathione).
The effects of thiram upon fungal mycelium varied, but might be correlated with the age of culture or with state of enzyme development. Changes in copper oxidation state were observed first at about 2 days after inoculation; changes in iron resonances and the natural free radical signal were observed 5 to 6 days after inoculation.
The overall objective of this study was exploration of the feasibility and potential usefulness of electron spin resonance spectroscopic techniques for observing in vivo mechanisms of fungicide action. It is apparent that a great deal of significant information can be developed through these techniques-not only on mechanisms of action of metabolic inhibitors, but on normal metabolic processes as well.
